The elastoplastic properties of TiC particle-reinforced titanium matrix composites (TiC/TMCs) at high temperatures were examined by quasi-static tensile experiments. The specimens were stretched at 300 • C, 560 • C, and 650 • C, respectively at a strain rate of 0.001/s. scanning electron microscope (SEM) observation was carried out to reveal the microstructure of each specimen tested at different temperatures. The mechanical behavior of TiC/TMCs was analyzed by considering interfacial debonding afterwards. Based on Eshelby's equivalent inclusion theory and Mori-Tanaka's concept of average stress in the matrix, the stress or strain of the matrix, the particles, and the effective stiffness tensor of the composite were derived under prescribed traction boundary conditions at high temperatures. The plastic strains due to the thermal mismatch between the matrix and the reinforced particles were considered as eigenstrains. The interfacial debonding was calculated by the tensile strength of the particles and debonding probability was described by Weibull distribution. Finally, a meso-mechanical constitutive model was presented to explore the high-temperature elastoplastic properties of the spherical particle-reinforced titanium matrix composites by using a secant modulus method for the interfacial debonding.
Introduction
Titanium matrix composites (TMCs) become ideal materials for auto industry [1] and shipbuilding industry [2, 3] , with high specific strength, high specific modulus, and high temperature resistance. TMCs are mainly divided into two categories, continuously reinforced titanium matrix composites and particle-reinforced titanium matrix composites. Among them, particle-reinforced TMCs develop rapidly due to isotropic characteristics, high temperature properties, as well as low cost compared to the continuously-reinforced TMCs [4] . In order to achieve excellent properties, it is essential for reinforced particulates to have superior mechanical properties and also combine stably with the matrix materials [5] . Several ceramic particles were proposed as titanium reinforcements: SiC, B 4 C, TiAl, TiB 2 , TiN, TiC, and TiB [5] [6] [7] [8] . Particularly, TiC was an excellent choice for its high modulus, strength, stiffness, hardness, and compatibility with titanium matrix [9, 10] . According to the literature, TiC/Ti bulk nanocomposites have been significantly studied by Gu et al. [11, 12] , which systematically presented the influence of TiC on Ti matrix phase, densification, microstructure, and strengthening mechanisms. 
Quasi-Static Tensile Tests
The quasi-static tensile tests at elevated temperatures were carried on WDW-300 electronic universal testing machine (Jinan East Testing Machine Co., Ltd., Shandong, China). The temperature and measurement were controlled by GW-1200A controller and high-temperature furnace, respectively, during testing. The tests was conducted at deformation temperatures of 300 °C , 560 °C , and 650 °C with the same strain rate of 10 −3 s −1 . The heat should be preserved for 5-10 min to ensure a uniform temperature in the test piece after the specimens were heated to the experimental temperature. Each experimental condition was repeated at least three times, and the average was taken from two valid experimental data of good reproducibility to be the final result. SEM tests were performed by a BCPCAS4800 scanning electron microscope (JEOL Co., Ltd., Tokyo, Japan) to observe the fracture morphology of each specimen stretched at different temperatures.
Experimental Results

Microstructure
The images in Figure 2 exhibit the fracture microstructure of TiC/TMCs composites samples tested at different temperatures. The results reveal that the failure of the composites is dominant by the interface debonding, particle cracking, and ductile fracture of the matrix. It can be seen that with the temperature rises up, the dimples of fracture surface tend to be more uniformly distributed. The sizes of dimples are getting to be larger and deeper when the experimental temperature increases from 300 °C to 650 °C . This demonstrates that the TiC/TMCs composites show better plasticity at elevated temperature. Figure 3 shows the results of the quasi-static stress-strain curves for the titanium matrix composite at different temperatures. According to the tests, it is obvious that the TiC/TMCs composites demonstrate temperature sensitivity. The flow stress decreases with increasing experimental temperature at the same strain rate. From the data at 300 °C and 560 °C , the typical strain hardening curve can be obtained, but the flow stress of the latter rises more slowly than the former. For the stress-strain curve at 650 °C , the flow stress dropped with increasing strain which indicates that the temperature softening effect is greater than strain hardening. As for the ductile 
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Stress-Strain Relationship
Meso-Mechanical Theory for Multiphase Composite
Average Stress of the Reinforcement and the Matrix
Let us consider an n-phase composite, and we shall refer to the matrix as phase 0, the particle as phase 1, and damaged particle (void) as phase 2. Based on Mori-Tanaka theory, a uniform far-field stress σ is exerted on the composite and its boundary. Take the matrix as comparative material and then the average strain ε 0 of the comparative material will satisfy Equation (1) under the same external force:
where 0 L and 0 p  are the stiffness tensor the plastic strain of the matrix, respectively.
Due to the existence of the reinforcement, the average strain is actually different from ε 0 and perturbation stress  and perturbation strain  are generated by the interaction between the reinforcement, so the average stress of the matrix is:
Since the elastic property and the coefficient of thermal expansion of the reinforcement is different from that of the matrix, the average stress of the reinforcement is expressed as:
: : 
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Average Stress of the Reinforcement and the Matrix
where L 0 and ε p 0 are the stiffness tensor the plastic strain of the matrix, respectively. Due to the existence of the reinforcement, the average strain is actually different from ε 0 and perturbation stress σ and perturbation strain ε are generated by the interaction between the reinforcement, so the average stress of the matrix is:
where, σ pt r and ε pt r indicate the average stress difference and the average strain difference between the rth phase and the matrix, ε * r is the eigenstrain of the rth phase, α * r is caused by the different coefficient of thermal expansion between the rth phase and the matrix:
where α r is the thermal expansion coefficient of the rth phase. By using Equations (2), (3), (6), we have:
where S is the Eshelby tensor and I is the four order unit tensor. The average stress of the composite meets the volume mixing ratio, namely:
where
Substitute Equations (2) and (3) into Equation (8), we have:
and:
Let X = ε * 1 + ∆ε
and substitute Equation (10) into Equation (4), we get:
Substituting Equation (10) into Equation (3), we have:
Substituting Equations (1), (10)- (12) into Equations (2) and (3), respectively, we get:
Effective Stiffness Tensor of the Composite
The stress-strain relationship can be written as:
The average strain of the composite is the sum of the strain: (18), (6), (10), we have:
Substituting Equations (13) and (15) into Equation (19), we get:
The stiffness tensor of the composite at high temperatures can be derived from Equation (20) :
Elastoplastic Analysis of the Composite
Constitutive Model of the Matrix
The elastoplastic relationship of the matrix can be described by modified Ludwik equation:
where, σ
s is the yield stress of the matrix; h and n are material parameters determined by uniaxial tensile test.
Under monotonic loading, the secant modulus E s 0 of the matrix is expressed as:
where, ε e 0 and ε p 0 are the elastic strain and the plastic strain of the matrix, respectively. Under three-dimensional stress, by replacing σ (0) and ε p 0 with Mises effective stress σ (0) * and effective strain ε p * 0 , formula (22) can be rewritten as:
where:
ij is the stress deviator of the matrix. The secant bulk modulus and shear modulus of the matrix are expressed as:
where v s 0 indicates the secant Poisson's ratio. Due to plasticity incompressibility, the secant bulk modulus k s 0 is equal to the elastic bulk modulus k 0 , so, we have:
In general, the elastoplastic behavior of the matrix under monotonic loading can be described by the secant Young's modulus E s 0 and two elastic constants E 0 and v 0 .
Stress for the Reinforcement and the Matrix and the Secant Tensor of the Composite under Force Boundary Conditions
When the matrix is in the elastoplastic stage, the modulus changes with the deformation, so the modulus of the matrix takes the secant value indicating by superscript S. According to Equations (16) and (17), the stress for the matrix and the reinforcement can be written as:
According to Equation (21), the secant tensor of the composite is given:
Interfacial Debonding Model
In order to descript the propagation of the interfaces, Weibull statistical distribution is introduced to discuss the cumulative probability of the interfacial debonding.
It is assumed that when the interfacial debonding happened between the matrix and the reinforcement (particle), the particle cannot bear any load and can be equivalent to a hole. By assuming that the tensile stress in the particle controls the debonding and the initial propagation strength along ii direction meets the Weibull statistical distribution P ii [35] , we have:
where, P ii σ
is the ratio of the damaged particles to all particles, i.e., the debonding probability. s and m are scale parameter and shape parameter of the Weibull function. Thus, the volume fraction of the damaged particle on the composite is:
The probability density of the damaged interface can be written as:
The relationship between the critical debonding strength of the interface σ c and the two parameters s and m is given as [36] :
When the critical debonding strength of the interface σ c and the loading exerted on the particle are known, the volume fraction of the debonding particle can be obtained by Equation (37).
Elastoplastic Stress-Strain Relationship
The damage constitutive relation can be expressed by Equation (30) . When the matrix is in the plastic stage, L s 0 is not a constant and changes with the deformation process. At the same time, volume fraction f p and f v are also changing. So, in order to obtain the stress-strain relationship, L s 0 and f v of each stage should be calculated firstly. The numerical calculation is performed according to the following procedure: (1) calculate the effective elastic modulus L of the material and taking as the initial value; (2) for a given σ, determining σ (0) and σ (1) from Equations (28) and (29); (3) set σ c and m, deriving f v from Equation (37) ( f p = f 1 − f v ) and then obtaining the effective stress of the matrix from σ (0) . If σ (0) is bigger than the elastic limit σ (0) s of the matrix, L 0 s should be calculated from Equations (23), (26), (27) , (31) ; and (4) increasing σ and calculating L s from the new L 0 s , then repeating the whole process.
It is assumed that the elastic modulus of the TiC particle does not change with the changes in temperature and the elastic modulus of the matrix decreases with the increase of temperature. In order to obtain the elastic of the matrix at different temperature, we assume that the elastic modulus of the matrix decreases linearly with increasing temperature. Based the known elastic modulus of the matrix, the elastic modulus at different temperatures can be obtained. The elastic modulus and yield stress of the matrix at room temperature was experimentally determined. By assuming that there are linear relationships between elastic modulus and temperature, and yield stress with temperature, respectively, the elastic modulus and yield stress of the matrix at different temperatures was calculated, which was shown in Table 1 . 
Comparison of Numerical Predictions with Experimental Results
When the uniaxial tensile stress σ 11 is exerted on the particle-reinforced titanium matrix composite at high temperatures, the material parameters of the composite is listed as follows: ν 0 = 0.35, 
When the uniaxial tensile stress σ11 is exerted on the particle-reinforced titanium matrix composite at high temperatures, the material parameters of the composite is listed as follows: ν0 = From Figure 4 , it can be seen that the numerical predictions agree well with experimental results, which demonstrate the assumption that the elastic modulus decreases linearly with the increase of the temperature. The debonding model adopted in the current paper can be used to predict the elastoplastic behavior of the composite at elevated temperatures. There is little discrepancy of initial elastic modulus and yield stress, which may be caused by that the theoretical model did not consider the particle cracking and ductile fracture. Nevertheless, in the plastic section of the curve, the theoretical model prediction is not accurate enough, which needs further study.
Conclusions
Based on Eshelby's theory and Mori-Tanaka theory, the stress of the reinforcement and the matrix and the effective stiffness tensor of the composite under force boundary conditions are deduced. By using the assumption that the interfacial debonding is controlled by the tensile stress on the particle and the cumulative probability of the interfacial debonding is described by the Weibull function, a meso-mechanical constitutive model is proposed to investigate the elastoplastic properties of the particle-reinforced titanium matrix composite by using the secant modulus method. A good agreement between the numerical predictions and the experimental results is obtained, which demonstrate that the model and the method adopted in the current study is reliable and reasonable. When particle-reinforced titanium matrix composites were used at high temperatures, such as in aerospace and automobile industries, this model can be used to predict the mechanical properties so as to provide the theoretic basis for the design of structural parameters. From Figure 4 , it can be seen that the numerical predictions agree well with experimental results, which demonstrate the assumption that the elastic modulus decreases linearly with the increase of the temperature. The debonding model adopted in the current paper can be used to predict the elastoplastic behavior of the composite at elevated temperatures. There is little discrepancy of initial elastic modulus and yield stress, which may be caused by that the theoretical model did not consider the particle cracking and ductile fracture. Nevertheless, in the plastic section of the curve, the theoretical model prediction is not accurate enough, which needs further study.
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